The Escherichia coli periplasmic glucose-1-phosphatase is a member of the histidine acid phosphatase family and acts primarily as a glucose scavenger. Previous substrate profiling studies have demonstrated some of the intriguing properties of the enzyme, including its unique and highly selective inositol phosphatase activity. The enzyme is also potentially involved in pathogenic inositol phosphate signal transduction pathways via type III secretion into the host cell. We have determined the crystal structure of E. coli glucose-1-phosphatase in an effort to unveil the structural mechanism underlying such unique substrate specificity. The structure was determined by the method of multiwavelength anomalous dispersion using a tungstate derivative together with the H18A inactive mutant complex structure with glucose 1-phosphate at 2.4-Å resolution. In the active site of glucose-1-phosphatase, there are two unique gating residues, Glu-196 and Leu-24, in addition to the conserved features of histidine acid phosphatases. Together they create steric and electrostatic constraints responsible for the unique selectivity of the enzyme toward phytate and glucose-1-phosphate as well as its unusually high pH optimum for the latter. Based on the structural characterization, we were able to derive simple structural principles that not only precisely explains the substrate specificity of glucose-1-phosphatase and the hydrolysis products of various inositol phosphate substrates but also rationalizes similar general characteristics across the histidine acid phosphatase family.
Encoded by the agp (acid glucose phosphatase) gene, Escherichia coli glucose-1-phosphatase (EC 3.1.3.10, D-glucose-1-phosphate phosphohydrolase, hereafter abbreviated as G1Pase 1 ) belongs to the high molecular weight (histidine) acid phosphatases family, which is considered to be functionally conserved from prokaryotes to higher eukaryotes (1) . Structures of several members of this enzyme family in E. coli (2) , Aspergillus ficuum and Aspergillus niger (3) (4) as well as rat (5) and human prostate (6) cells have been determined. All identified histidine acid phosphatases contain a conserved N-terminal RH(G/N)XRXP sequence as well as an R and a HD motif located at almost identical positions in the active site (2-7). The common two-step catalysis mechanism consists of a nucleophilic attack on the P atom by the active site histidine imidazole nitrogen and the subsequent hydrolysis of the covalent phosphoenzyme intermediate (8 -9) . Mutation of the active site histidine to alanine in E. coli G1Pase (H18) and E. coli phytase completely abolished the activity of both enzymes (7, 10) .
Mature E. coli G1Pase contains 391 amino acids with a molecular mass of 44 kDa (10 -11) , and the native enzyme is likely a homodimer in solution (12) . G1Pase has broad substrate specificity for phosphorylated compounds but demonstrates its highest activity toward glucose-1-phosphate (G1P) (12) . It is thought that the function of the enzyme in the periplasm is to scavenge glucose from G1P, an important intermediate in glycogen catabolism, glycogen biosynthesis, and galactose metabolism (13) . This conclusion was drawn from both the lack of regulation of G1Pase activity by free phosphate concentration as well as the unique growth of agpϩ strains in a high phosphate media with G1P as the sole carbon source (13) (14) .
E. coli G1Pase has also been shown to hydrolyze phytate (myo-inositol hexakisphosphate) (15) . Despite the possession of the same active site residues (the RH(G/N)XRXP and downstream R and HD) found in other histidine acid phosphatases, a recent analysis of G1Pase by Cottrill et al. (10) indicates the enzyme specificity toward inositol phosphates. This specific inositol phosphate activity is intriguing because several inositol phosphatases of the related Gram-negative Enterobacteriaceae family members, Salmonella and Shigella spp., were reported to be translocated directly into the eukaryotic host cell via type III secretion systems to interfere with a variety of host cell signaling pathways (16) . For example, inositol 1,4,5-trisphosphate, the receptor complex structure of which has been recently reported (17) , plays a critical role in Ca 2ϩ signaling in the control of a variety of cellular and physiological processes. Because the hydrolysis products of G1Pase can include several inositol phosphates identified as signal transducing agents (10, 18) , G1Pase has become a potential virulence determinant and may prove to be a useful target for new anti-microbial agents, the development of which could be accelerated with structural data (19) .
A second highlight of E. coli G1Pase is the structural comparison to E. coli phytase. The two histidine acid phosphatases share a significant amino acid sequence identity of 31% (20) but possess quite different specific activities toward their common substrates (10, 12, 15) . Although the overall fold should be similar between G1Pase and other acid phosphatases including E. coli phytase, a detailed structural study of G1Pase is neces-sary to explain the unique hydrolysis profile of the enzyme. For instance, E. coli G1Pase has a strong preference for G1P over other small monosaccharide phosphates and hydrolyzes G1P at an unusually high pH (10, 12) compared with other histidine acid phosphatases. Structural analysis of G1Pase as well as the comparison of its active site to those of other histidine acid phosphatases could reveal key structural features influencing the substrate recognition and kinetics of G1Pase (2, 19) and eventually lead to the derivation of general principles applicable to the histidine acid phosphatase family. In this paper we report structural studies of E. coli glucose-1-phosphatase along with its H18A inactive mutant structure in a complex with the natural substrate glucose 1-phosphate.
MATERIALS AND METHODS
Crystallization-The E. coli glucose-1-phosphatase was purified and crystallized as described in Jia et al. (19) . All crystals were grown at room temperature using the hanging drop vapor diffusion method, with each slide containing one to three drops. Drops consisted of 1 or 2 l of an 11 mg/ml protein solution with an equal volume of crystallization solution (1.75-1.2 M ammonium sulfate, 25% (w/v) polyethylene glycol monomethyl ether 5000, and 0.05 M MES buffer at pH 6.25). Cocrystallizations were performed by including 10 mM Na 2 WO 4 or 0.66 mM ␣-D-glucose 1-phosphate (dipotassium salt).
Data Collection and Processing-All crystal forms were of space group R3, with cell axes a ϭ b ϭ 156.3-157.3, c ϭ 84.1-85.2Å and two molecules in the asymmetric unit. All data sets were collected under 100 K preceded by a 10-s cryo soaking in 45% polyethylene glycol 400 (in 0.05 M MES, pH 6.25). The tungstate derivative diffraction data were collected with a CCD detector at the X8-C beamline at the National Synchrotron Light Source (Brookhaven National Laboratory). Data for the mutant and mutant-G1P complex were collected with a CCD detector at the A1 and F1 stations, respectively, at the Cornell High Energy Synchrotron Source (CHESS). Our initial attempt to solve the structure by molecular replacement from the E. coli phytase model was unsuccessful, consistent with a previous example of phytase structure determination (2) . The HKL (21) (22) package and the CCP4 software suite (23) were used for data reduction and processing.
Structure Determination and Refinement-The structure of E. coli glucose-1-phosphatase was determined by the multiwavelength anomalous dispersion (MAD) method using data collected from the tungstate derivative. The wavelengths chosen from the energy scan for tungsten L iii absorption edge were 1.2146 Å (f Љ peak), 1.2149 Å (f Ј peak), and 1.3190 Å (remote). The CNS software package (24) was used for heavy atom searches, yielding two distinct peaks corresponding to two bound tungstates. Because of strong white line effects near the tungsten L iii edge (25) , experimental f Ј and f Љ values for tungsten were interpolated from x-ray fluorescence data and refined in SHARP (26) . The initial phases were improved by solvent flipping. The MAD phasing statistics are listed in Table I . The model was completed by iterative cycles of model building with Xtalview (27) and refinement with CNS (24) . The asymmetric unit of all crystal forms contained two molecules. The final models showed good stereochemistry when validated with Procheck (28), with refinement statistics summarized in Table I .
RESULTS AND DISCUSSION
Overall Structure-The crystal structure of the E. coli G1Pase was determined by the MAD method using a tungstate derivative (Table I ). An inactive H18A mutant (10) was cocrystallized with ␣-D-glucose 1-phosphate for structure determination of the enzyme-substrate complex. Because the crystals were isomorphous, the tungstate-derivative structure, devoid of tungstate, was directly used for determining the structures of the H18A mutant and mutant-G1P complex, both at 2.4 Å resolution (1NT4 in the Protein Data Bank).
The overall folding architecture of G1Pase ( Fig. 1) can be divided into two major domains, the ␣ domain (green) and the ␣/␤ domain (blue), surrounding a central catalytic shaft. The ␣ domain consists of several ␣ helices, with the two major helices (I, L) shaping part of the catalytic pocket. The ␣/␤ domain contains a twisted ␤ structure of mixed parallel and antiparallel topology surrounded by two ␣ helices on each side. These major structural features are well conserved throughout histidine acid phosphatases, whereas primary sequence alignment (29) between G1Pase and other histidine acid phosphatase members generally show a low sequence identity of only ϳ20% (31% for the E. coli phytase). Interestingly, the ␤ hairpin motif (strands 7 and 8; pink), which was found exclusively in the E. coli phytase (2) , is also present in G1Pase. In the case of G1Pase, however, strand 8 extends further upstream to form a second anti-parallel topology with strand 6 of the ␣/␤ domain. The central catalytic region consists of the signature motif N-terminal RH(G/N)XRXP, Arg-94 on helix C, and a His-289 - 
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Asp-290 motif preceding helix N, which has its N terminus pointing directly into the active pocket. There are in total six cysteine residues forming 3 disulfide bonds between residues 79 -110, 174 -180, and 369 -377. The 369 -377 disulfide is a C-terminal loop linker and is conserved in all other histidine acid phosphatase structures. The overall structure of the E. coli G1Pase is very similar to that of the E. coli phytase, with a root mean square deviation (calculated by ALIGN (30)) of 1.46 Å between corresponding C␣ atoms. The root mean square deviation between C␣ atoms for G1Pase with A. ficuum phytase, A. niger pH 2.5 acid phosphatase, rat prostatic acid phosphatase, and human prostatic acid phosphatases are 2.46, 2.45, 2.31, and 2.14 Å, respectively. The orientations and positions of the catalytic site residues, Arg-17, His-18, Arg-21, Arg-94, His-289, and Asp-290, are especially well conserved.
The common features for all histidine acid phosphatase active sites include a catalytic center filled by positive-charged residues and both an aspartic acid amide hydrogen and a ␣ helix N terminus pointing into the pocket. The combined effects of the positive charges and the dipole moment not only facilitate substrate phosphate binding but also reduce the pK a of the catalytic histidine imidazole group by charge-charge repulsion (2) . As a result the nucleophilic nitrogen would stay unprotonated at a pH as low as 2.5 (31). All of the above structural features are observed in the E. coli G1Pase active site. Upon substrate binding, the phosphate group of G1P forms extensive hydrogen bonding with Arg and His residues in the active site (Fig. 2, A and B ). An exactly identical pattern of hydrogen bonding was observed for the 3-phosphate group of phytate complexed with the E. coli phytase (2) .
The Asp-Ser-Ala-Ala sequence, which is present in the active site of alkaline phosphatase and those of other typical serine hydrolases, was also found in G1Pase (residue 157-160) but not phytase (15) . This sequence is located on the coil between strand 6 of the ␣/␤ domain and helix D of the ␣ domain, a surface region with relatively poor electron density and a high temperature factor. This region does not seem to be involved in any catalytic function. In G1Pase, the well conserved catalytic region also differs slightly from other histidine acid phosphatases; an Asn replaces the Gly in RHGXRXP. However, the replacement is of minimal influence because the side chain of Asn-19 points to the opposite direction of the active site. The position of the Asn-19 peptide oxygen is still conserved; it forms a hydrogen bond with one of the His-18 imidazole nitrogen atoms, fixing the His-18 side chain.
Rigidity of the Glucose-1-phosphatase Catalytic Pocket-The H18A mutant structure, lacking any bound substrate, is almost identical to the native-tungstate structure as well as the struc- ture of H18A mutant complexed with glucose 1-phosphate. The root mean square deviation of C ␣ atoms between the mutant and the mutant-complex structure and between the mutant and the native-tungstate complex is 0.39 and 0.44 Å, respectively. Without significant main chain shift all of the lessoverlapped residues are located on the loosely packed regions away from the active site. In the E. coli phytase, substrateinduced conformational change of the active pocket was reported to facilitate substrate binding and, hence, catalysis (2), whereas in G1Pase no change is observed because the corresponding residues are already in the closed conformation. When comparing the temperature factor of the binding pocket residues (which shape the pocket surface), the average temperature factor is significantly lower (25.47) than the molecular average (30.75). However, in E. coli phytase the average temperature factor for the same set of conserved binding pocket residues (29.33) is almost identical to the molecular average (29.32) . The binding pocket of G1Pase is therefore more rigid than that of phytase, which is not surprising given that the competent active-site conformation of G1Pase already exists before substrate binding.
Previously determined structures of histidine acid phosphatases indicated that their broad substrate range can be attributed to differences in the ␣ domain (3-4). In G1Pase there are two structural features in the ␣ domain that are most likely responsible for the observed rigidity of the catalytic pocket. First, the three-stranded ␤ substructure (strands 6 -8), which is only observed in G1Pase, provides stability to the upper binding pocket (Figs. 1 and 2A) . Because this ␤ substructure actually covers both the ␣ domain (strands 7 and 8) and the ␣/␤ domain (strand 6), it also contributes to interdomain stability. Glu-196, located on strand 8 and pointing into the binding pocket, is a unique feature of G1Pase in both its position and negative charge compared with other histidine phosphatase active sites (Fig. 3) . The second rigidity-related feature is the other gating residue, Leu-24. Also pointing into the pocket, Leu-24 is located on the bottom of the pocket, between two conserved ␤ strands (strands 2 and 3). Strand 2 contains an important Arg-21 residue required in substrate binding, and it further connects to the catalytic residues Arg-17 and His-18. Compared with other histidine acid phosphatases, strands 2 and 3 are more closely associated to the downstream helix A. Strand 3 and helix A are both located behind the peptide chain of Leu-24. As a result, the two strands and helix A fix Leu-24 in the middle, narrowing the active site entrance (Fig. 3) .
Unique Phytate Specificity-The histidine acid phosphatase family is known to be the only multiple inositol polyphosphate phosphatase to hydrolyze the abundant metabolites inositol hexakisphosphate (phytate) and inositol pentakisphosphate (1). Although both E. coli G1Pase and phytase possess phytase activity, E. coli phytase subsequently hydrolyzes myo-inositol hexakisphosphate to inositol phosphate (32) , whereas G1Pase cleaves only 3-phosphate from myo-inositol hexakisphosphate, and no further hydrolysis takes place (10) . G1Pase is the only phosphatase known to possess this unique specificity.
Based on the structures of E. coli G1Pase, phytase, and their enzyme-substrate complexes, computational G1Pase-phytate docking was attempted to rationalize the unique 3-and only 3-phytase specificity. During modeling, the distance for all possible contact atoms between the substrate and the enzyme   FIG. 3 . The electrostatic surface diagram of G1Pase in complex with glucose 1-phosphate. The two critical gating residues, Glu-196 and Leu-24, are indicated by arrows. Please note the prominent negative potential contributed by Glu-196, which plays a critical role in G1Pase substrate selectivity. Fig. 3 was prepared by GRASP (42) . The electrostatic potential range is fixed from Ϫ20V (red) to ϩ20V (blue).
FIG. 4.
G1Pase-phytate complex model. Numerous hydrogen bonds are formed between phosphate groups of phytate and G1Pase, which is consistent with the experimentally observed tight binding of phytate with G1Pase. The enzyme structure was adapted from the H18A mutant except H18 (semi-transparent and labeled in parentheses) was restored in the model. The location and orientation of His-18 is assumed to be identical to those of the native tungstate structure.
FIG. 5. a, active site of G1Pase-phytate complex model. The 3-phosphate is docked in the catalytic C site. B site represents a position beside C site. Although the axial 2-phosphate fits into B site, an equatorial 2-phosphate here (green, pointed by the arrow) would result in steric hindrance with His-289. This explains why G1Pase is a 3-phytase only and implies the preferred initial 3-phytase activities in other histidine acid phosphatases as well. b, E. coli phytase-phytate binding, with the substrate aligned with the G1Pase-phyate model. The binding pocket of E. coli phytase is substantially more spacious than that of G1Pase. a and b were prepared by GRASP (42) . c, all possible steric hindrance of the axial 2-phosphate (dark green) with G1Pase when different phosphates of phytate are docked into the catalytic C site (light green). The number beside each axial phosphate denotes the phosphate in C site in such an orientation. Alternative equatorial phosphates are colored semi-transparent, showing a lack of interference in contrast.
was simultaneously monitored to provide a dynamic evaluation of the model. Because of the small pocket size, it was very difficult to dock phytate without steric hindrance. The first strategy was to overlap the hexagonal carbon ring of phytate with the glucopyranose ring of glucose 1-phosphate followed by a second attempt to overlap the 3-carbon of phytate with the 1-carbon of G1P. Both attempts were unsuccessful due to steric clashes. Finally, when the 3-phosphate of phytate was aligned with the phosphate of G1P, a fitting was achieved with all possible contact distance greater than 2.45 Å (Fig. 4) . The model was further optimized by energy minimization using the Insight II package (Accelrys Inc., San Diego, CA). The resulting model is strongly supported by the G1Pase structure itself, which clearly shows that the active site pocket is too small for other docking choices. More importantly, the resulting complex model adequately explains the hydrolysis products of other inositol phosphate substrates (see below).
Comparison of the G1Pase-phytate model with the E. coli phytase-phytate structure (Fig. 5, a and b) leads to the observation that although similar degrees of enzyme-substrate hydrogen bonding are observed in both cases, G1Pase has a considerably smaller, occluded binding pocket. The 3-phosphate is docked into the catalytic site (C site) of the enzyme. The axial 2-phosphate, the only axial phosphate in phytate, fits well into the pocket space beside the catalytic site (B site) of the protein, whereas an equatorial 2-phosphate in B site would certainly result in an unavoidable steric conflict with His-289 (Fig. 5a) . Furthermore, the axial 2-phosphate would cause steric hindrance when any of the other phosphates (1, 2, 4, 5, or 6) is docked into C site. In other words, the only possibility for phytate to fit in the G1Pase pocket is to have its 3-phosphate at the C site. This explains the 3-and only 3-phosphate myoinositol hexakisphosphate specificity of G1Pase.
In addition to phytate, G1Pase also cleaves selected phosphates from many other inositol phosphates (10) . In fact the above reasoning derived from the phytate studies also explains such substrate specificities exceptionally well. The reasoning can be summarized as follows: (a) for any (N) phosphate to be hydrolyzed at C site, an equatorial (N-1) phosphate cannot fit into B site due to the steric conflict with His-289; (b) if the axial 2-phosphate is present, only the 3-phosphate group can be positioned correctly in the C site for hydrolysis. The 2-phosphate would clash with different residues of G1Pase when another phosphate (N) is positioned in C site: N ϭ 1(Asp-290), 4(Leu-24), 5(Glu-196), and 6(Leu-24) (Fig. 5c) . N ϭ 2 leads to a poor fit for the entire phytate molecule.
As mentioned, these two rules can be used to effectively rationalize hydrolysis products of various inositol phosphates. For example, Ins(1,3,4,5,6)P 5 is hydrolyzed only to Ins (1,4,5,6)P 4 , based on experimental results (10) , which agrees with the rules described above. Ins(1,4,5,6)P 4 was found to be produced acutely when cells are infected with Salmonella dublin, but not with other invasive bacteria, to inhibit the phosphoinositide 3-kinase-signaling pathways (33) . Table II shows excellent agreement between the experimentally obtained and the expected hydrolysis products for various inositol phosphates. This agreement not only confirms the validity of our Cottrill et al. (10) The last column lists the expected product based on the two implications of the G1Pase-phytate binding model. G1Pase-phytate binding model but, more importantly, demonstrates its significance in rationalizing hydrolysis products of G1Pase based on the structure alone.
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Implications of Phytate Specificity in Other Histidine
Acid Phosphatases-In addition to the fact that the above structural insights explain the novel 3-phytase limited activity of G1Pase, the described principles can be also applied more generally to other histidine acid phosphatases. Although the end hydrolysis products of phytate vary among different enzymes, two distinct initial products can be identified: D-Ins(1,2,4,5,6)P 5 and D-Ins(1,2,3,4,5)P 5 (Table III) . Such D-3-/D-6-phytase activity has not been found in other categories of phytases such as the Ca 2ϩ -dependent Bacillus phytase (34), wheat phytase (34 -35) , and other plant phytases (36) . It was first assumed that the axial 2-phosphate still plays a key role in distinguishing initial D-3-and D-6-phytase activity from other possibilities, since the orientation of His-289 is also well conserved throughout various histidine acid phosphatases in different species (7) . As a result, the 3-phytase activities might be the direct consequence of an otherwise equatorial 2-phosphate clashing with this histidine residue. However, this steric hindrance might be relieved as a result of subsequent inositol phosphate hydrolysis yielding smaller inositol phosphates as well as a wider active pocket, as observed in other histidine acid phosphatase structures (2) (3) (4) . Second, when 6-phosphate is positioned into the catalytic position (C site), the axial 2-phosphate points out of the pocket from below (Fig. 5c ). In the case of G1Pase, the presence of Leu-24 eliminates the possibilities of such D-6-phytase activity, yet such a tight gating in other histidine phosphates has not been observed thus far (2-6). Moreover, to avoid an equatorial (N-1)P clashing with the histidine residue mentioned above, a wider pocket is required for the bulky phytate substrate to rotate. The result of such clash-avoiding rotation very likely orients the 2-phosphate directly toward the pocket opening, minimizing steric hindrance better than any other phosphate (except 3-P) being positioned into C site. Taken together, the initial D-3-and D-6-phytase activities of the histidine acid phosphatase family can be very possibly attributed to the axial 2-phosphate of phytate and the conserved His-289 residue as well as a more spacious active-site pocket. Table IV we summarized the kinetic parameters of the E. coli G1Pase with various substrates. G1Pase has a high catalytic efficiency (at least 6-fold in k cat /K m ) for G1P over other monosaccharide phosphate substrates such as fructose 1-phosphate, glucose 6-phosphate, and ribose 5-phosphate. In the complex structure of G1Pase-G1P ( Fig. 2A) , G1P fits in the binding pocket by forming hydrogen bonds with almost all of its oxygen atoms. For other monosaccharide phosphates, however, the locations of the pyranose or furanose rings of the substrates might be different, resulting in less hydrogen bonding. Moreover, the G1P O 4 makes a 3.1-Å hydrogen bond with Glu-196 O ␦2 . On the other hand, glucose 6-phosphate, fructose 1-phosphate, and ribose 5-phosphate all contain elongated phosphate groups, making the linear lengths of these substrates at least 1 Å longer than G1P. Because of the rigidity and the small pocket size of G1Pase, these extended substrates, although quite flexible, are still likely to engage in inevitable steric hindrance with Glu-196, a residue that is not conserved in other histidine acid phosphatases. This implication is in agreement with the fact that in other acid phosphatases the substrate selectivity for small monosaccharide phosphates is generally poor (2-3,  37) . Therefore, Glu-196 is likely to be critically involved in the small monosaccharide phosphate substrate selectivity of G1Pase.
Glu-196, the Key to High Catalytic Efficiency of G1P-In
Structural Insights into Substrate pH Range-Another interesting feature of G1P hydrolysis by G1Pase is its relatively high pH upper limit (pH 9.5) and optimum (6.5) compared with its activity toward phytate and p-nitrophenyl phosphate (pNPP) (Table IV) . When pH rises, Glu-196, the upper gating residue of the binding pocket, becomes deprotonated and gains a negative charge, thus repelling negatively charged substrates such as phytate. After similar docking studies as mentioned previously, it was inferred that with pNPP, the negative nitro group would inevitably lie in the vicinity of Glu-196. The electrostatic repulsion between the pNPP nitro group and Glu-196 carboxyl side chain is likely to make pNPP a poor substrate in a high pH environment. In the case of G1P, however, the hydroxyl group of the glucopyranose is less negative than the nitro group of pNPP and is capable of hydrogen bonding with the deprotonated Glu-196 carboxyl side chain. As a result, G1P activity is not likely to be influenced by Glu-196 deprotonation.
It has been well established that, during catalysis, the conserved G1Pase Asp-290 is the proton donor for the leaving group in (31, 38) . However, it is unlikely that Asp-290 stays protonated even at pH 9, so there is possibly a secondary proton donor at the elevated pH. The structure of G1Pase suggests the only possible secondary proton donor on the enzyme would be the imidazole N ␦1 of His-289 ( Fig. 2A) . His-289 N ␦1 is located 3.8 Å away from the target oxygen. This distance can be shortened to Ͻ3 Å through torsion angle rotation. Also, mutation of the E. coli phytase His-303 (equivalent to G1Pase His-289) to Ala results in less than 1% of the wild type activity, whereas an Asp-304 (G1pase Asp-290) to Ala mutant still possessed 9% of the wild type activity at pH 4 (38) . As a result, we suggest that histidine 289 might, at least in the case of E. coli G1Pase, become a secondary proton donor when pH rises. Furthermore, Cottrill et al. (10) report an elevated G1P hydrolysis activity between pH 6 and 7.5, where a combined proton-donation effect of Asp-290 and His-289 might have taken place, in agreement with our structural implications.
In summary, although the overall structure of G1Pase is very similar to those of the other histidine acid phosphatase family members, in G1Pase the gating effects as well as the considerable geometric constraints in the active site provide a structural basis for the significant differences in enzyme functionality. Our study revealed that the unique rigidity and small size of the catalytic site of the E. coli glucose-1-phosphatase, afforded in particular by Glu-196 and Leu-24, explain the enzyme's substrate specificity (for phytate and G1P) and elevated pH range for G1P hydrolysis. We have shown that structural principles, derived from the crystal structural studies of G1Pase and its complex with glucose 1-phosphate without consideration of any prior knowledge relevant to other inositol phosphate substrates, can be readily used to make general rationalizations for hydrolysis profiling of various inositol phosphates. Such structural insights expand our understanding of the structure-function relationships present in this widespread class of phosphatases.
